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We reevaluate the electric dipole moment (EDM) of charged leptons in the standard model using
hadron effective models. We find large EDM generated by the hadron level long-distance effect,
de = 1.8 × 10−39e cm, dµ = 6.2 × 10−38e cm, and dτ = −8.9 × 10−38e cm, with an error bar of
70%, exceeding the conventionally known four-loop level elementary contribution by several orders
of magnitude.
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The electric dipole moment (EDM) [1], the linear re-
sponse of the energy of a system against electric field
H = −d·E, often quoted as the most sensitive observable
to the CP violation beyond the standard model (SM), re-
quired to explain the baryon number asymmetry of the
Universe [2–4], and active search using various systems
such as the neutron [5], atoms [6–9], molecules [10–14],
muons [15], or τ leptons [16], is currently been carried.
The measurements of the electron EDM using param-
agnetic systems are especially attracting attention thanks
to its relativistic enhancement by the strong internal elec-
tric field [17], extensively calculated in theoretical works
[18]. The experimental upper limits of the electron EDM
were successively updated since the 60’s [6, 10, 12, 14, 19–
25], and currently shows a record of de < 1.1 × 10−29e
cm [14]. There is also much effort to push it down using
paramagnetic atoms trapped in three-dimensional opti-
cal lattice [26, 27], polyatomic molecules [28, 29], or polar
molecules and inert gas matrix [30], etc. The experimen-
tal studies of the EDM of the muon and the τ lepton
are also established fields, with the former one measured
using storage rings [15] and the latter one extracted from
the precision analysis of collider experimental data [16].
The measurability of the muon EDM using storage rings
was also recently deeply discussed in the context of the
general relativity [31].
One of the most attractive advantage of the EDM is
that the effect of the complex phase of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [32], which is the
representative CP violation of the SM, is extremely small,
at least for all known systems. There, the EDMs of
light quarks [33–39] and electrons [40–42] appear from
the three- and four-loop levels, with the estimated values
du,d ∼ O(10−35)e cm and de ∼ O(10−45)e cm, respec-
tively (for the electron, an example of the four-loop level
diagram is displayed in Fig. 1). The Weinberg opera-
tor (chromo-EDM of gluons) is also very small, yielding
an EDM to the neutron of O(10−40)e cm [43]. This ex-
treme suppression is due to the antisymmetry of the Jarl-
skog invariant [44] in the exchange of flavor, which is an
important consequence of the Glashow-Iliopoulos-Maiani
(GIM) mechanism [42, 45, 46], leading to the cancellation
of almost equal terms and thus bringing additional fac-
tors of quark masses. It can actually be proven that,
under the GIM mechanism, the EDM of the charged lep-
ton evaluated at the elementary level suffers from the
suppression factor m2bm
2
cm
2
s/m
6
t at all orders of pertur-
bation, yielding at most de ∼ 10−48e cm [47].
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FIG. 1. Example of four-loop level diagram contributing to
the EDM of charged leptons generated by the CKM matrix
at the quark level.
On the other hand, the CKM contributions to the
EDM of composite systems are believed to be more en-
hanced thanks to the long distance effect, where the Jarl-
skog combination is realized with two distinct |∆S| = 1
hadron level interactions. As for the nucleon EDM, this
contribution is larger than the quark EDM and chromo-
EDM contributions by two or three orders of magnitude
[48–50]. In the case of nuclear EDM or the nuclear Schiff
moment, it was also shown that the long distance effect
is also much larger than the short distance one [51–53].
Then what about the lepton EDM? We actually found
that similar long distance mechanism also happens for
the case of the EDM of charged leptons. At the hadronic
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2level, one-loop level diagrams (see Fig. 2) give the leading
contribution and the cancellation is much milder because
the loop momenta, given by the hadron masses, are suf-
ficiently different between diagrams, so that we expect a
much larger EDM. In this letter, we report on the evalua-
tion of this new contribution in hadronic effective model.
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FIG. 2. Long-distance contribution to the charged lepton
EDM generated in the SM. Other symmetric diagrams are
not displayed. The |∆S| = 1 semi-leptonic interaction (grey
blob) and the |∆S| = 1 hadronic interaction (black blob) are
chosen so as to form the Jarlskog invariant.
The leading order contribution of the CKM matrix to
the lepton EDM is constructed with at least two W boson
exchanges. To avoid severe GIM cancellation, we have to
split the short distance flavor changing process at least
into two parts, while keeping the Jarlskog combination
of the CKM matrix elements. This condition means that
the largest contribution to the lepton EDM is generated
at the hadron level (the long distance effect). The largest
long distance contribution should involve unflavored and
|S| = 1 mesons rather than open heavy flavored ones
(c, b) which are much heavier. Another important con-
dition is that the charged lepton EDM is generated by
a one-loop level diagram involving vector mesons, be-
cause the interaction of pseudoscalar mesons with the
lepton will change the chirality, suppressing the EDM by
at least by a factor of m2l (l = e, µ, τ). The charged
lepton EDM is then generated by radiative corrections
involving a K∗ meson. The one-loop level diagram must
not have a neutrino in the intermediate state of the long
distance process, since the chirality flip is small and the
charge is neutral. The K∗ meson must therefore change
to an unflavored meson which in turn becomes a photon
which will be absorbed by the charged lepton. Under
such conditions, we may draw diagrams shown in Fig. 2.
Let us now introduce the interactions to calculate the
diagrams of Fig. 2. It is convenient to describe the
|∆S| = 0 vector meson interactions with the hidden local
symmetry (HLS) formulation [54]. The HLS is a frame-
work introduced to extend the domain of applicability of
chiral perturbation to include vector meson resonances,
and it is successful in phenomenology. It generates three-
vector meson interactions as follows:
LV V VHLS = igtr[(∂µVν − ∂νVµ)V µV ν ], (1)
where g ≡ mρ2fpi ∼ 4.2, and
V µ ≡
 (ρ0 + ω)/√2 ρ+ K∗+ρ− (−ρ0 + ω)/√2 K∗0
K∗− K¯∗0 φ
µ . (2)
We note that this lagrangian is renormalizable if we as-
sume the vector meson mass has been generated by the
Higgs mechanism.
Let us now model the weak interaction at the hadron
level. From Fig. 2, the |∆S| = 1 weak interaction ap-
pears in the semi-leptonic creation of K∗ and in the tran-
sition between K∗ and chargeless vector mesons ρ, ω, φ.
In Fig. 2, the K∗-lepton vertex does not change the
charge of the lepton, so this interaction must effectively
be generated by a loop involving W boson so as to change
twice the quark flavor at short distance, as shown in Fig.
3. Then it is best to also include heavy flavored quarks
in this loop as well to derive benefit from the large loop
momentum if we wish to maximize the effective coupling.
Therefore this |∆S| = 1 effective interaction is attributed
the CKM matrix elements VcsV
∗
cd or VtsV
∗
td. It also has
to be parity violating, otherwise the |∆S| = 1 meson
transition has to create axial vector mesons which are
heavier.
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FIG. 3. Short distance contribution to the K∗-charged lep-
ton interaction, with l = e, µ, τ .
The parity violating interaction between K∗ and the
charged lepton is given by
LK∗ll = gK∗llK∗µ l¯γµγ5l + (h.c.), (3)
where K∗µ is the field operators of the K
∗ meson. In the
limit of zero momentum exchange, the coupling constant
is given by
Im(gK∗ll)
K∗
µ = Im(V
∗
tsVtd)〈0|s¯γµd|K∗〉Idsll, (4)
where we fixed the complex phases of VudV
∗
us to be
real. The K∗ meson matrix element is defined by
〈0|s¯γµd|K∗〉 = mK∗fK∗K∗µ where K
∗
µ , mK∗ = 890 MeV
and fK∗ = 204 MeV [55] are the polarization vector, the
mass, and the phenomenologically derived decay constant
of K∗, respectively. The quark level amplitude Idsll can
be obtained by calculating the one-loop level diagrams of
Fig. 3. By neglecting all external momenta [which are
O(ΛQCD)] and imposing mt,mW  mc, we have
Idsll = −7.7× 10−8 GeV−2. (5)
3This value is quite consistent in absolute value with that
of the naive dimensional analysis Idsll ∼ α
2
QED
sin4 θWm2W
∼
1.7× 10−7 GeV−2.
We now model the K∗-V transition (V = ρ, ω, φ),
which is either a two-point vertex or a three-point one. It
is generated by the |∆S| = 1 four-quark effective hamil-
tonian
Heff (µ) = GF√
2
V ∗usVud
6∑
i=1
zi(µ)Qi(µ) + h.c., (6)
where the Fermi constant GF = 1.16637 × 10−5GeV−2.
Here Qi (i = 1 ∼ 6) are defined as [56]
Q1 ≡ s¯αγµ(1− γ5)uβ · u¯βγµ(1− γ5)dα, (7)
Q2 ≡ s¯αγµ(1− γ5)uα · u¯βγµ(1− γ5)dβ , (8)
Q3 ≡ s¯αγµ(1− γ5)dα ·
∑
q=u,d,s
q¯βγµ(1− γ5)qβ , (9)
Q4 ≡ s¯αγµ(1− γ5)dβ ·
∑
q=u,d,s
q¯βγµ(1− γ5)qα, (10)
Q5 ≡ s¯αγµ(1− γ5)dα ·
∑
q=u,d,s
q¯βγµ(1 + γ5)qβ , (11)
Q6 ≡ s¯αγµ(1− γ5)dβ ·
∑
q=u,d,s
q¯βγµ(1 + γ5)qα, (12)
where α and β are the color indices. For the case of
the |∆S| = 1 four-quark interaction, the renormalization
from the electroweak scale µ = mW to the hadronic scale
µ = 1 GeV changes the Wilson coefficients zi. From the
numerical calculation of the running in the next-to-next
leading logarithmic approximation [51, 56], we obtain
z(µ = 1 GeV) =

−0.107
1.02
1.76× 10−5
−1.39× 10−2
6.37× 10−3
−3.45× 10−3
 . (13)
We use the standard factorization to derive the |∆S| =
1 vector meson interaction from the |∆S| = 1 four-quark
interaction of Eq. (6). We first construct the |∆S| = 1
meson transition in the factorization with vacuum sat-
uration approximation [57, 58]. The lagrangian of the
weak |∆S| = 1 vector meson transition is given by
LV K∗ = VudV ∗us
∑
V=ρ,ω,φ
gV K∗V
νK∗ν + H.c., (14)
where V ν is the field operator of the ρ0, ω, or φ mesons.
The |∆S| = 1 four-quark interaction has two distinct
contributions, as shown in Fig. 4 (a) and (b). The for-
mer one is generated by all Qi’s, while the latter is only
possible through the Fierz transform of Q5 and Q6. The
couplings can be calculated in the factorization as
〈ρ|s¯γµd q¯γµq|K∗〉 ≈ 〈0|s¯γµd|K∗〉〈ρ|q¯γµq|0〉, (15)
〈ρ|s¯d d¯d|K∗〉 ≈ 〈ρ|s¯d|K∗〉〈0|d¯d|0〉, (16)
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FIG. 4. Factorization of the |∆S| = 1 vector meson vertices
(|∆S| = 1 meson-transition, with (a) the two-quark process,
(b) the one-quark process, and (c) three-meson interaction.
The double crosses with ”〈q¯q〉” denote the chiral condensate
〈0|q¯q|0〉 (q = d, s). The black blob denotes the |∆S| = 1
four-quark interaction. There are similar diagrams with the
ρ meson replaced by ω or φ mesons.
where q = u, d, s. We note that the vacuum saturation
approximation gives the leading contribution in the large
Nc expansion for mesonic processes. The vector meson
matrix elements are related to the decay constants like
Eq. (4) [55]. The chiral condensate 〈0|q¯q|0〉 is derived
from the Gell-Mann-Oakes-Renner relation, and the vec-
tor meson scalar density 〈K∗|s¯d|ρ〉 ≈ 1.3 GeV is ex-
tracted from the lattice QCD result of the quark mass
dependence of the vector meson mass [59, 60] and flavor
SU(3) symmetry. The appropriate scale of the factoriza-
tion procedure was chosen as µ = 1 GeV. Using these
input parameters, the coupling constants are given by
gρK∗ = 4.2 × 10−8GeV2, gωK∗ = 3.4 × 10−8GeV2, and
gφK∗ = −5.8× 10−9GeV2.
Let us also construct the weak three-meson interac-
tions. Its Lagrangian is given by
LVV ′K∗ = VudV ∗us
∑
V,V ′=ρ,ω,φ
gVV ′K∗VµV
′νi
←→
∂ µK∗ν + H.c., (17)
where A
←→
∂ µB ≡ A(∂µB)− (∂µA)B. Again by using the
vacuum saturation approximation, we have
〈ρ |q¯γµq s¯γµd|K∗ρ〉 ≈ 〈0|q¯γµq|ρ〉〈ρ|s¯γµd|K∗〉. (18)
where 〈V (p′)|s¯γµd|K∗(p)〉 ≈ (pµ + p′µ)(V )∗ν (K∗)ν (V =
ρ, ω, φ). The coupling constants are then given by gρρK∗ =
−gρωK∗ = −gρφK∗/
√
2 = 1.7 × 10−7, gωρK∗ = −gωωK∗ =
−gωφK∗/
√
2 = 1.4 × 10−7, gφρK∗ = −gφωK∗ = −gφφK∗
√
2 =
−1.8× 10−8.
After evaluation, we obtain the following lepton EDM:
d(SM)e = 1.8× 10−39e cm, (19)
d(SM)µ = 6.2× 10−38e cm, (20)
d(SM)τ = −8.9× 10−38e cm. (21)
4These values are much larger than the estimation at the
four-loop level (d
(SM)
e ∼ 10−48e cm) [40–42, 47]. As an-
ticipated in the beginning of this letter, the enhancement
is due to the absence of severe GIM cancelation (antisym-
metry in the interchange of quark flavor [42]) thanks to
the scatter of the typical loop momentum according to
the hadron masses, whereas in the short-distance case
the momenta were made almost equal by the heavy top
quark or W boson. This is a general feature of the long
distance effect, and similar enhancement could be seen
in the case of the neutron EDM compared to the short
distance quark EDM [39, 42, 49, 50].
We also analyze the potential systematics of our study.
The first large source of uncertainty is that due to the
renormalization of the |∆S| = 1 four-quark operators. It
may be estimated by looking at the variation of Wilson
coefficients between µ = 0.6 GeV and µ = mc = 1.27
GeV, yielding about 10%. The second important source
of systematics is the factorization used to calculate the
vector meson interactions. As we saw above, the vac-
uum saturation approximation gives the leading order
effect in the large Nc, so we expect the error bar to be
about 1/Nc ∼ O(40%). Finally, we have to discuss the
hadronic uncertainty, associated with the neglect of heav-
ier hadrons. In the dimensional analysis, the most im-
portant omitted contribution should be that of the axial
vector meson K1(1270), for which |∆S| = 1 matrix ele-
ments are not known. We therefore simply estimate the
uncertainty as m2K∗/m
2
K1
∼ 50%. In all, the theoretical
uncertainty should be ∼ 70%.
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FIG. 5. Plot of the SM predictions (quark and hadron levels)
of the electron EDM compared with the experimental upper
limits updated from the 60’s [6, 10, 12, 14, 19, 20, 22–25]. The
prospective experimental sensitivity [30] is also shown.
In conclusion, we evaluated for the first time the
hadronic level contribution to the EDM of charged lep-
tons. As a result, we found that this long distance ef-
fect is much larger than the previously known one, which
was estimated at the elementary level. The main reason
of the enhancement at the hadronic level is because we
could avoid severe suppression due to the GIM mecha-
nism. In Fig. 5, we plot the EDM of the electron in
the SM compared with the progress of the experimental
accuracy. The electron EDM obtained in this work is
de = O(10
−39)e cm, which is still well below the current
sensitivity of the molecular beam experiments [14]. The
EDM experiments are however improving very fast, and
we have to be very sensitive to their progress and to pro-
posals with new ideas, with some of them claiming to be
able to ideally reach the level of O(10−35 − 10−37)e cm
[30]. This potential breakthrough, combined with our re-
sult, is maybe cautioning us that we have to be careful
with the statement that the window left for the electron
EDM to new physics beyond the SM is almost infinite.
We also note that in EDM experiments using atoms and
molecules, the CP-odd electron-nucleon interaction may
also contribute at the same order [42]. To truly distin-
guish the effect of the electron EDM, other independent
tests are also required.
We also point that this long distance effect is also
generated by other semileptonic and quark flavor vio-
lating processes. The most interesting target should be
the physics of the B meson decay anomaly, recently sug-
gested by several B factory experiments [61, 62] or the
recent result of K meson decay of KOTO experiment
[63, 64].
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